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SU :,lMA R Y 

The pyrolysis of pulverized islontana l i g n i t e  by t ine-resolved measurement of 
the yields  and compositions of products formed under control led temperature-time 
h i s t o r i e s  was studied in  a capt ive sample apparatus. 
held i n  a folded s t r i p  of s t a i n l e s s  s tee l  screen was electr ical1.y heated under hoth 
1 atm helium and vacuum i n  a vessel connected t o  a s e r i e s  of product recovery 
t raps .  The temperature of the sample was measured w i t h  a thermocouple. !{eating 
r a t e ,  peak temperature a t ta ined ,  and residence time a t  the peak temperature were 
independently varied i n  the ranges 100-10'"C/s, 150-11OO0C, and 0-10s. 
y ie lds  of char  and t a r  were determined gravimetr ical ly  and selected char samples 
were subjected t o  elemental ana lys i s .  
carbon dioxide, hydrogen, and hydrocarbon gases and l i q h t  l iqu ids  were determined 
by gas chromatography. 

The y ie lds  of a l l  the v o l a t i l e  products increase monotonically \ v i t h  tempera- 
t u r e  and approach asymptotic values a t  the higher temperatures. 
1 atm helium the ul t imate  y i e l d s ,  i n  percent by weight o f t h e  l i g n i t e  (as-received) ,  
a r e  16.5 I water ( including 6.5 X moisture) ,  9.5 X carhon dioxide, 9.4 % carhon 
monoxide, 5 .4  % t a r ,  1.3 X methane, 0.6 I ethylene, 0.5 % hydrogen, and 0.9 F 
ethane,  propylene, propane, benzene, and t race  hydrocarbons. 
44.0 X i s  c lose  t o  the .ISTI4 v o l a t i l e  n a t t e r  p l u s  moisture (43.7 X ) .  
the  higher temperatures v o l a t i l i z e s  ahout 70 % of the s u l f u r  and about 25 % o f  the 
nitrogen; the  percent by weight of  s u l f u r  in  the char is l e s s  than t h a t  i n  the 
l i g n i t e  b u t  the reverse  i s  t r u e  f o r  nitrogen. 

indicat ive of the occurrence of f i v e  pr incipal  phases of devola t i l i za t ion :  mois- 
tu re  evolution a t  about.lOO°C; a la rqe  i n i t i a l  evolution of carhon dioxide 
beginning a t  about 450"C, probably from decarboxylations, and a small amount of t a r  
formation; evolution of  chemically formed water and a small amount  of  carbon dioxide 
a t  50O-7OO0C; rapid evolut ion of carbon monoxide, carbon dioxide, t a r ,  hydroyen, 
hydrocarbon gases ,  and only l i t t l e  water a t  700-900°C; high-temperature formation 
of carbon monoxide and carbon dioxide. The k ine t ics  of the production of each 
product i s  modelled with one t o  three independent para l le l  f i r s t - o r d e r  react ions.  
The frequency d i s t r i b u t i o n  of a l l  the  ac t iva t ion  energies  derived f o r  the various 
products by f i t t i n g  t h e  present composition data agrees well w i t h  the  Gaussian 
d is t r ibu t ion  obtained previously from weight loss  data  f o r  the same l i g n i t e .  

INTRODUCTION 

based on the iiieasurement of coal weight l o s s ,  referred t o  as  v o l a t i l e s  y ie ld(1-5) .  
The work i s  now being extended t o  include v o l a t i l e s  composition measurements and 
elelllental analysis  o f  the char f o r  the same ranges of experimental conditions cov- 
ered in the previous study. To this end, the  previous apparatus has been modified 
t o  permit t h e  co l lec t ion  and ana lys i s  of v o l a t i l e s .  This paper presents the f i r s t  
set of composition d a t a ,  f o r  l i g n i t e  pyrolysis ,  and some i n i t i a l  in te rpre ta t ions  of 
pyrolysis behavior i n  the l i g h t  of the products formed. 

A thin layer  o f  par t ic les  

The 

The y ie lds  of  water, carbon monoxide, 

A t  lOOO"C/s and 

The t o t a l  y ie ld  of 
Pyrolysis a t  

The individual product y ie lds  vary with temperature in a s e r i e s  of s teps  

Previous research a t  t4.I.T. on coal pyrolysis  in  i n e r t  gas  and in  hydrogen was 

N'PARATUS AND PROCEDURE 
The apparatus (Fig.  1 )  cons is t s  of f i v e  components: the reac tor ,  designed t o  

Contain a coal sample in  a gaseous environment of knowl. 7ressure and composition; 
t h e  e l e c t r i c a l  system, used t o  expose the  sample t o  a control led time-temoerature 
h i s t o r y ;  the  time-temperature monitoring systcm; the product col lect ion system; 
and the  product ana lys i s  system. 
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The reac tor ,  designed f o r  atmospheric-pressure and vacuum pyrolysis work, 
cons is t s  of a 6-inch (15.24 cm) long, 3-inch (7.62 cm) diameter pyrex g lass  pipe, 
blind-flanged a t  both ends by s t a i n l e s s  s tee l  p l a t e s  having e l e c t r i c a l  feedthrouqhs 
and gas i n l e t  and o u t l e t  ports .  The coal sample is held and heated in the vessel 
by a folded s t r i p  of 325 mesh s ta in less  s t e e l  screen positioned between two 
r e l a t i v e l y  massive brass  e lectrodes as  shown i n  Fig. 2 .  

The e l e c t r i c a l  system cons is t s  of two automobile s toraqe b a t t e r i e s  connected 
in  s e r i e s  t o  the reac tor  e lectrodes through a timer-controlled re lay  switch which 
cuts  i n  e i t h e r  of two var iable  r e s i s t o r s  a t  a predetermined time. T h i s  c i r c u i t r y  
permits independent control of heating r a t e  (102-10'"C/s) and f ina l  sample holding 
time and temperature (150-llOO°C for  up to 30 s ) .  
of coal i s  recorded by a chromel-alumel thermocouple (24 urn wire diam., 75 pm 
bead diameter) placed within the sample and connected t o  a Sanborn fast-response 
recorder. 

Approximately 10-15 mg of  powdered coal is  spread in  a layer  one t o  two p a r t i -  
c les  deep on a preweighed screen which i s  reweighed and inser ted between the  brass 
e lectrodes.  The reac tor  is evacuated and flushed three  t o  f i v e  times with helium 
and then s e t  a t  the desired experimental pressure. The sample temperature is  
ra i sed  a t  a desired r a t e  t o  a desired holding value which i s  then,maintained u n t i l  
the  c i r c u i t  i s  broken. 
rapidly since the e lec t rodes ,  the vessel and i ts  gaseous contents  remain cold 
d u r i n g  the experiment, b u t  not  so rapidly a s  to  avoid, the occurrence of  s ign i f icant  
weight loss during cooling. 

The y i e l d  o f  char ,  which remains on the screen,  i s  determined gravimetr ical ly .  
Products t h a t  condense a t  room temperature ( t a r s  and o i l s ,  hereaf te r  defined as 
t a r s )  a re  co l lec ted  primarily on f o i l  l i n e r s  w i t h i n  the reac tor  and on a paper f i l t e r  
a t  t h e  e x i t  of  the  reactor .  Any condensation on non-lined reactor  surfaces  i s  col-  
l ec ted  by washing w i t h  methylene chloride soaked f i l t e r  paper. 
three col lec t ions  i s  measured gravimetr ical ly .  

of  a run by purging the reac tor  vapors through two l i p o p h i l i c  t raps .  
cons is t s  Of a 3 inch (7.62 CIS) long, 1/11 inch (0.635 cm) diameter t u b e  containinq 
50/80 mesh Porapak Q chroniatographic packing. 
temperature, and c o l l e c t s  intermediate weight o i l s  such a s  benzene, toluene, and 
xylene. The second t r a p  is a 15 inch long, 1/4 inch diameter tube (39.1 cm x 
0.625 cm) a l s o  packed w i t h  Porapak Q b u t  operated a t  -196°C i n  a dewar of l iquid 
ni t rogen.  This t r a p  c o l l e c t s  a l l  fixed gases produced b.y pyrolysis ,  with the 
exception of  hydrogen which is determined by d i r e c t  vapor phase sampling w i t h  a 
precis ion syr inge.  

t r a p  to  240°C and the  second to  100°C. 
f i rs t  trap a r e  analyzed on e i t h e r  a 50/80 mesh, 3 % OV-17 or  Porapak Q column, G f t  
x 1 /8  i n  (183 cm x 0.31s cm). The fixed gases from the second t r a p  are analvzed on 
a 12 f t  x 1 /4  i n  (366 cm x 0.635 cm) 50/80 mesh Porapak r) column, temperature pro- 
grammed from -70 t o  240°C a t  a r a t e  of 16"C/min. 
10 f t  x 1/8 i n  (305 cm x 0.318 cm) SO/lOO mesh Spherocarb column a t  0°C. A Perkin- 
Elmer ;,lode1 3920 I) cliromatograph w i t h  dual thermal conductivitylflame ionizat ion 
detectors  and a Perkin-Elmer llodel 1 in tegra tor  a r e  used f o r  a l l  the  analyses. 

Elemental analyses  of the  raw coal and char sariples were performed hy Galbraith 
Laboratories, Inc. o f  Knoxville, Tennessee. 

The weight  of the  coal and screen was determined to 'wi th in  20.01 mg; hence, 
the uncertainty of the  t o t a l  weight loss  measurement i s  about 0.1 :! by weiqht o f  
the coal .  The products quant i ta ted chromatographically (except I!$) a re  subject  
t o  ca l ibra t ion  uncer ta in t ies  of 1 to  3 7: of the mass of the  species  measured. 
The water measurements were somewhat more troublesome because of (1) moisture loss  
from the coal during the s h o r t  time lapse between weigliing the sample and perforninq 
the r u n  and (2)  moisture gain by the experimental system durinq assenhlv under h i g h  
humidity condi t ions.  
these opposing e f f e c t s  i s  about 2 7: by weight o f  t h e  coal .  

The temperature-time h is tory  

Sample cooling by convection and rad ia t ion  then occurs 

The t a r  from a l l  

Products i n  the vapor phase a t  room temperature a r e  col lected a t  the conclusion 
The f i r s t  t r a p  

T h e  t r a p  is operated a t  room 

Products a r e  recovered f o r  gas chroniatographic analysis  by warminq the  f i r s t  
The intermediate weight o i l s  from the 

The hydrogen i s  analyzed on a 

The net uncertainty i n  the neasured water yields  caused by  
The t a r  measurement 
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has i t s  l a r g e s t  uncertainty i n  the  washing procedure. The maximum e r r o r  f o r  
atmospheric pressure runs i s  about 1 7L by weight of the coal .  
t a i n t y  of the thermocouple measurements i s  about 2 8OC over the present range of 
temperatures. The a b i l i t y  of the selected thermocouple e f fec t ive ly  t o  t rack the 
temperature of the sample a t  the highest  heating r a t e s  was confirmed by experi- 
ments with thermocouples of d i f f e r e n t  bead diameters. 

the screen may be a source o f  e r r o r ,  f o r  example through ca ta lys i s  of primary 
pyrolysis  o r  secondary cracking reac t ions .  
the screen included passivat ion of the sur face  w i t h  a vacuum deposited layer  of 
gold on some screens and copper on o thers ,  and var ia t ion of the number of layers  
of untreated screen t h r o u g h  which the v o l a t i l e s  had t o  escape. Both gold and 
copper are  l e s s  c a t a l y t i c  t o  cracking react ions t h a n  i s  s t a i n l e s s  s t e e l ,  and 
diffusion of these metals i n  s t a i n l e s s  s t e e l  i s  too slow t o  destroy the i n t e g r i t y  
of  the surface layer  i n  even the longest residence times of t h i s  study. 
these cases lead t o  s i g n i f i c a n t  differences i n  the t o t a l  y ie ld  of v o l a t i l e s  or i n  
the  composition of gaseous products included i n  the  present study. Therefore, 
any e r r o r  caused by the  screen appears t o  be negl igible  f o r  present purposes. 
T h i s  r e s u l t  i s  not surpr i s ing  i n  view of  the h i g h  escape veloci ty  of vo la t i les  
from the sample and hence the low residence time of v o l a t i l e s  near hot screens. 
iievertheless, untreated s t a i n l e s s  s tee l  screens i n  a s imi la r  apparatus a re  
reported(6)  t o  r e a c t  s i g n i f i c a n t l y  w i t h  hydrogen su l f ide .  This species i s  not 
of present concern. 
RESULTS 

l i g n i t e  (Savage Mine, Knife River Coal Co.) i n  the p a r t i c l e  size ranqe 53-88 um 
(74 um average diameter) (Table 1 ) .  

The inherent uncer- 

Some d isco lora t ion  of the screen used t o  hold the sample caused concern t h a t  

Experimental assessment of the r o l e  of 

None of 

All the r e s u l t s  here reported a r e  f o r  a p a r t i a l l y  dr ied (as-received) Montana 

Table 1. Charac te r i s t ics  of the P a r t i a l l y  Dried Liclnite 
Proximate Analysis, U1 timate Analysis, Petroqraphi c Analysis 
W t .  %(as-received)  Ilt.7. (as-received) ( ' d t  ."/,mineral -matter-free) 
I loi s tu re  6.8 Carbon 59.3 V i t r i n i t e s  63.7 
V . i l .  36.9 Hydrogen+ 4.5 Semi -Fus i n i  t e  1 5.2 
F . C .  46.4 Wi trooen 0.9 Fusini te  7.3 
Ash 9.9 Sulfur  1.1 'licroni t e  5.2 
Total 100.0 Jxygen*+ 17.5 t x i n i  t e  2.0 

* By di f fe rence ,  using measurements of  o ther  elements, moisture and ash. 
+ Exclusive of moisture content. 

(see -he v o l a t i l e  product compositions shown in Fig. 3 were obtained when 
d i f fe ren t  samples of the l i q n i t e  under 1 atm (101.3 kPa) of helium were heated a t  
approximately lOOO"C/s t o  various peak temperatures indicated on the abscissa .  
The samples were cooled a t  roughly 200°C/s beqinning immediately when the peak 
temperature was a t ta ined .  The t o t a l  y ie ld  of  any oroduct o r  qroup of products i s  
given on the ord ina te  as a weight percent of the p a r t i a l l y  dr ied l i q n i t e .  

w i t h  increasing temperature t o  an asymptotic maximum of about 5.4 % by weiqht of 
the l i q n i t e  a t  tenperatures  above 750 t o  800°C. 
primary components. 
as  a film on sur faces .  The o ther  cons is t s  of  dark brown objec ts  which oive the 
irlpression of beinq so l id  pieces of l i g n i t e  t h a t  were presumably broken of! of 
the parent material and car r ied  away with the v o l a t i l e s .  

Base Data W i t h  the  exception of the data  points carryinq a double symbol 

The lowest curve represents  the y ie ld  of  t a r  as defined above, which increases 

The t a r  appears t o  have two 
One i s  a heavy, tawny brown l iqu id- l ike  material which deposits 

These " p a r t i c l e s  , some 
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F iqu re  3. 
e n t  Peak Temperatures. [ ( o )  t a r ;  ( A )  t a r  and o t h e r  hydrocarhons (HC);  
( * )  t a r ,  HC, and C O ;  (0) t a r ,  HC,  CO and COZ; (T )  t o t a l ,  i.e., t a r ,  I iC ,  
CO, C02, and H20. Pressure = 1 atrn (he l ium).  
10005C/s; ( p o i n t s  i n s i d e  0)  7,100 t o  lO,09O”C/s; (po in ts  i n s i d e  A )  770 t o  
47C”C/s; ( p o i n t s  i n s i d e  3 ) 100O’C/s b u t  two-ste!, heat inq.  (curves)  F i r s t -  
o r d e r  model us inq parameters shown i n  Table 51. 

P y r o l y s i s  Product  D i s t r i b u t i o n s  from I - i q n i t e  Ileated t o  Q i f f e r -  

t k a t i n q  r a t e : ( s i n q l e  p o i n t s )  
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of which appear to  b e  agglomerates, a r e  f o r  the most p a r t  sr ia l ler  than 10 pni 
across b u t  sometimes a s  la rge  as 25 pm. 
the tawny l iqu id  and a f rac t ion  of the par t ic les  appears t o  dissolve i n  nethy- 
lene chloride. 
of the small y ie lds .  

hydrogen and a l l  hydrocarbons l i g h t e r  than tar. The maximum yie ld  o f  these 
species occurs a t  the higher temperatures and i s  only about 3.3 ?.! by weight of  
the l i g n i t e .  The main components a r e  methane (1.3 X ) ,  ethylene ( O . G % ) ,  a n d  
hydrogen (0.5 %), with i d e n t i f i e d  ethane, propylene, propane, and benzene and 
unidentified t race  hydrocarbons making  up the balance. 
on yields  of  methane, hydrogen and ethylene i s  shown i n  F i g .  4. 
temperature i s  increased above 500°C the methane and ethylene yields  increase 
rapidly to siiiall asymptotic values i n  the range 600 - 700OC. 
i n  temperature beyond 700°C e f f e c t s  a dramatic increase i n  the yield of both 
species ,  and a second asymptote i s  reached a t  about 850°C for  ethylene and 
about 900°C f o r  methane. 
behavior b u t  hydrogen production, on the other  hand, appears t o  occur in one s tep  
a t  re la t ive ly  high temperatures. 

The top curve i n  Fig. 3 represents  the t o t a l  y i e l d  of v o l a t i l e s  while, pro- 
ceeding downward, the f i r s t ,  second and th i rd  regions between adjacent curves 
represent the  y ie lds  of  water, carbon dioxide, and carbon monoxide, respect ively.  
The yields  of these pr incipal  oxygenated species a r e  shown in m r e  de ta i l  i n  
Fig. 5 where a l l  three appear t o  approach high-temperature asymptotic yields  of 
16.5 % for  water, 8.4 % f o r  carbon dioxide, and 7.1 7: f o r  carbon monoxide. The 
carbon oxides each e x h i b i t  a l s o  a lower-temperature asymptote. 

Although most o f  the pyrolysis i s  complete f o r  peak temperatures aSove about 
900 t o  1000°C, there  i s  i n  f a c t  y e t  a th i rd  s tep  i n  the curves for  the  carbon 
oxides which occurs a t  about 1100°C and therefore  does not  appear in Fig. 5. 
Since th i s  temperature i s  the upper l i m i t  of the apparatus ,  invest iqat ion of t h i s  
t h i r d  step was accomplished by use of a longer residence time technique. 
was heated a t  1000°C/s to  1000°C and there  held f o r  5 t o  10 s rather  than being 
immediately cooled a s  before. 
asymptote of 9 . 4 8 w h i l e  t h a t  of carbon dioxide is 9.5 %. The y ie lds  of the o ther  
species were not  changed by the  additional residence time. T h u s  prolonged heating 
a t  1000°C gave a t o t a l  v o l a t i l e s  y ie ld  of 44.0 % by weight of the l i a n i t e  which i s  
c lose  t o  the  ASTM v o l a t i l e  matter plus moisture (43.7 X ) .  

40 I by weight of the l i g n i t e  is vola t i l i zed  a t  the higher temperatures, only 22 % 
of the carbon is  v c ? a t i l i z e d .  
and oxygen, which i s  cons is ten t  with the observed predominance of water aciong the 
v o l a t i l e  products. Pyrolysis  a t  the higher temperatures removes about 70 % of the 
su l fur  from the s o l i d  mater ia l ,  b u t  the nitrogen is  reduced b.y only about 25 %. 
Consequently, the sulfur content (percent by weight) i n  the  char i s  lower than 
t h a t  of the l i g n i t e ,  but the  reverse i s  t rue  f o r  ni t rogen.  
by Kobayashi e t  a1.(7,8)  i n  an entrained flow reac tor  show t h a t  the fract ional  
evolutions of s u l f u r  and nitrogen a r e  increased t o  a t  l e a s t  135 7; and 65 %, res- 
pect ively,  as the  pyrolysis  of :,lantana l i g n i t e  i s  extended to  1800°C. 
of ASTll a s h  i n  the  char  from most of the present experiments i s  l e s s  than t h a t  
in  the raw l i g n i t e ,  which i s  q u a l i t a t i v e l y  s imi la r  t o  a previous observation(7,G). 

and char were analyzed. 
( t o t a l  l ess  t h e n  1 % by weight of the l i g n i t e )  were assumed t o  be 90 % carbon 
and 10 % hydrogen by weight. Typical resu l t s  for four runs t o  d i f f e r e n t  peak 
temperatures a r e  presented in Table 2 along w i t h  t o t a l  mass balances. Nhereas 
the mass balances a r e  exce l len t  and the carbon and hydrogen balances are  satis- 
factory,  the  oxygen balances a r e  marginal. 

About 75 % of the t a r  includin? most of 

Extensive analysis  of any one t a r  sample i s  d i f f i c u l t  because 

The dis tance between the t a r  curve and the next one above i t  represents 

The e f f e c t  of temperature 
Idhen the peak 

Further increase 

The y ie ld  of t a r  a l s o  exhib i t s  a s imi la r  two-step 

T h e  coal 

The resu l t ing  carbon monoxide y ie ld  exhib i t s  a f inal  

Elemental analyses  of selected char samples a r e  shown i n  Fig. 6 .  Although over 

[lost of the v o l a t i l e  material comes froni hydrogen 

Similar data obtained 

The weight 

Elemental balances were calculated f o r  runs i n  which b o t h  v o l a t i l e  products 
For estimation purposes, t a r  and t race  hydrocarbons 

Since oxygen i n  char i s  determined by 
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Figure 6. Elemental Compositions of Chars from L i , n i t e  pyrolysis  
t o  Different Peak Temperatures [ ( * )  C ;  1 0 )  H; ( x )  H ;  
( 0 )  S; ( A )  2. Pressure = 1 atm (helium). Heating 
r a t e  = 1000 C / s ] .  

121 



VI 
W 
U E 
m 

cc 

VI VI 

7 

m 

m 

m c, 

0 I- 

T E 
m 
E 
a. c 0 

0 

c 

7 

- =? - 
C 
W 0. 
rJ x 

c 
0 n 
m 
V 

N 

W 

c 
I- 

- 
m 

- 

V 

0 c c c 

m 
a1 L 
3 ” 
m L 
01 c- 

I- 
A’ 

aJ 
c. v 

+ J n  E ?  w o  L 

0) + IC 

c 
0 +J 
m r: 
3 c 

L =I 

0 LL 

e. 

5 
m 

0 

..- 

- 

.r 

1: oL‘ 

u c  0 r- > h  

a, 
U CJ 

VI 
ry) 

W ” 
E e- 

..- 

L; 
c. 

.r 

..- 
2 

Y- 
O 

V 
b” 

” 0  Z C  
91 p: ’C c. 

% - 
U 
a, 
> 

? 

..- 

- 
c, 
U 

-0 
0 L n. 

a 



d i f f e rence ,  u n c e r t a i n t i e s  i nhe ren t  i n  the  o t h e r  measurements a r e  absorbed i n  t h e  
oxygen values. 

Product hea t ing  va lue contents  -- i.e.,  mass y i e l d  x n e t  ( l ower )  hea t inq  
va lue on a mass bas i s  -- shown i n  F ig .  7 were estirnated from t h e  p roduc t  y i e l d s  
i n  Table 2 and soiae a d d i t i o n a l  t a r  and gas measurements. Heat ing values o f  t he  
l i g n i t e  and char were c a l c u l a t e d  f rom t h e  elemental analyses (Table 1 and 
F i g .  G )  using the c o r r e l a t i o n  o f  I . lott  and Spooner (I) here ad jus ted  t o  a n e t -  
hea t ing  value, as-received bas is .  The n e t  hea t ing  va lue o f  t he  t a r  and t h a t  o f  
hydrocarbons o t h e r  than  methane, e thy lene  and t a r  were assumed t o  be 16,000 and 
19,700 Btu (37.2 and 45.8 KJ/g) r e s p e c t i v e l y .  
e thy lene,  hydrogen and carbon monoxide were, o f  course, known. 

The hea t ing  va lue contents  o f  t he  gas and t a r  f o l l o w  t h e  two-step behav io r  
assoc iated w i t h  t h e  appearance o f  many o f  t he  i n d i v i d u a l  components. 
h ighe r  temperatures, t h e  gas accounts f o r  a maximum o f  a lmost  15 I of the  h e a t i n g  
va lue content  i n i t i a l l y  i n  t h e  l i g n i t e ,  and t h e  t a r  f o r  about 8 Z. A t  a tempera- 
t u r e  o f  about 1000°C, t h e  char  r e t a i n s  almost 70 I o f  the  h e a t i n g  va lue on t h e  
same basis .  The vo lumet r i c  n e t  h e a t i n g  va lue o f  t h e  gas produced a t  peak tem- 
peratures above about 900°C i s  about 380 Dtu/s td.  cu. f t .  (14.2 !,!J/m3) on a d r y  
bas is .  

The t o t a l  h e a t i n g  va lue content  o f  a l l  products  appears f i r s t  t o  increase 
and then t o  decrease as t h e  peak temperature increases.  P y r o l y s i s  appears t o  be 
endothermic over a range o f  lower  t o  i n te rmed ia te  temperatures where t h e  t o t a l  
hea t ing  va lue content  o f  a l l  t he  products  i s  g r e a t e r  than t h a t  o f  t he  s t a r t i n g  
m a t e r i a l .  A t  h ighe r  temperatures, however, t h e  t o t a l  becomes l e s s  than  the  
i n i t i a l  va lue and t h e r e f o r e  p y r o l y s i s  t o  those temperatures may be t h e r m a l l y  
n e u t r a l  o r  exothermic. 
t a t i v e  assessment o f  heats  o f  p y r o l y s i s .  

E f f e c t  o f  Teiii erature-T ime I l i s t o D  Data p o i n t s  i n s i d e  squares i n  F i g .  3 
were c t a i n e d  with' the baye-c-ns g i ven  above h u t  m o d i f i e d  as f o l l o w s .  The 
l i g n i t e  was f i r s t  heated t o  an i n te rmed ia te  temperature and then  cooled t o  room 
ternperature as before.  The r e s u l t i n g  char  was then  heated t o  a h i g h e r  temperature 
and again cooled. The f i g u r e  shows cumu la t i ve  p roduc t  y i e l d s  f o r  bo th  cyc les .  
The in te rmed ia te  temperatures f o r  t he  p o i n t s  a t  855°C and 1070°C a re  483°C and 
670"C, r e s p e c t i v e l y .  The y i e l d s  o f  a l l  products  i n  bo th  cases a r e  n o t  s i g n i f i c a n -  
t l y  d i f f e r e n t  from those obta ined when t h e  l i g n i t e  i s  heated d i r e c t l y  t o  t h e  f i n a l  
peak temperature. Th is  obse rva t i on  i s  c o n s i s t e n t  w i t h  t h e  p rev ious  conc lus ion  
from weight  l o s s  data (3,4) t h a t  t h e  p y r o l y s i s  r e a c t i o n s  o c c u r r i n g  a t  h i g h e r  
temperatures a re  l a r g e l y  independent o f  those o c c u r r i n ?  a t  lower  tei:iperatures. 
Such behavior  i s  i n d i c a t i v e  o f  n u l  t i p l e  p a r a l l e l  independent r e a c t i o n s  as opposed 
t o  cosipeti t i v e  reac t i ons .  

The e n c i r c l e d  da ta  p o i n t s  i n  F ig .  3 were obta ined a t  h e a t i n q  r a t e s  o f  7,100 
t o  10,OOO°C/s which i s  approx imate ly  ten- t imes h i q h e r  than t h a t  o f  t he  base data.  
The p o i n t s  i n  t r i a n g l e s  rep resen t  da ta  taken a t  270 t o  470"C/s. !io c l e a r  e f f e c t  
o f  hea t ing  r a t e  i s  observed over  t h e  ranoe here used. 
t h i s  be i iav ior  i s  expected f o r  independent p a r a l l e l ,  r a t h e r  than compe t i t i ve  reac -  
t i o n s .  

mi t i g n a r  Up t o  a temperature o f  8OO0C, t he  t o t a l  v i e l d  o f  v o l a t i l e s  and 
t h e i r  composit ion a re  i n d i s t i n g u i s h a b l e  f rom t!iose produced under 1 atm (101.3 
kPa) of  he l ium a t  rough ly  the  same h e a t i n g  r a t e s .  
d i f f e r e n c e s  a re  noted i n  bo th  t o t a l  y i e l d  and p roduc t  composit ion. 
occu r r i ng  a t  a peak temperature o f  l 0 0 O O C  can be seen i n  Table 3. The temperature 
dependence o f  t he  pressure e f f e c t  on t h e  y i e l d s  o f  snme key components, i s  shown i n  
F i g .  8 .  C o l l e c t i o n  o f  a l l  t he  t a r  formed under vacuufii i s  d i f f i c u l t .  ,Ahereas a t  
atiiiospheric pressures most o f  t he  t a r  s tays suspended as an aerosol  u n t i l  i t  i s  
purged through the  f i l t e r ,  t a r  produced under vacuum ,deposits u n i f o r m l y  across a l l  

The hea t ing  va lues of t he  methane, 

A t  t h e  

The approxiniat ions used i n  t h i s  ana lys i s  prec lude quan t i  - 

I t  i s  shown below t h a t  

Ef fect  o f  Pressure Some runs were conducted under vacuum c o n d i t i o n s  (0.05 

Above P,OO"C, however, ohservable 
The d i f f e r e n c e s  
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temperature, looooc; -- 

Product 

tati ng r a t e ,  1000°C/s) _.I-- 

Yield. w t %  of l i q n i t e  (as  received) 

~~ 

CO 

co2 
C H 4  

'2"4 
HC* 
Tar 
$0 

H2 

Total Products 
ileasured U t .  Loss 

1 atm. He 

40.7 42.1 
41.3 1 44.7 

7.1 
8.4 
1.3 
0.56 
0.95 
5.4 

16.5 
0.50 

vacuum 

G.l 
7.G 
0.95 
0.45 
2.0 
6.9 

18.1 
N . I 4  . ** 
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The modelling o f  coal pyrolysis  as  a s e t  of independent para l le l  react ions 
having a s t a t i s t i c a l  d i s t r i b u t i o n  of ac t iva t ion  energies has heen shown to  provide 
valuable ins ight  i n t o  the overal l  or  global k ine t ics  of the process(3) .  
products i n  the  present  study dominated by a few individual species and c lasses  
of species ,  e,g. t a r ,  there  is i n t e r e s t  i n  determining whether pyrolysis can he 
e f fec t ive ly  modelled as only a few react ions representing the production of these 
key products. 

A s  a f i r s t  t e s t  of t h i s  approach, the appearance of product i i s  modelled as 
a react ion f i r s t - o r d e r  i n  the amount of i yet t o  be produced. T h u s  f o r  the reac- 
t ion  

W i t h  the 

Coal + Producti (1)  
the  assumed f i r s t - o r d e r ,  r a t e  i s  * 

dVi/dt = k i ( V i  - V i )  
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and the r a t e  constant  i s  assumed t o  be 

k .  1 = k. 10 eKp(-Ei/RT) ( 3 )  

where kio i s  t h e  pre-exponent ia l  f a c t o r ,  E. i s  t h e  a c t i v a t i o n  energy o f  r e a c t i o n  
i, V i  
product  i which cou ld  p o t e n t i a l l y  be produced, ( i .e . ,  a t  t = -), T i s  t h e  abso lu te  
temperature, and K i s  t he  gas constant .  Assuming t h a t  temperature increases 
l i n e a r l y  w i t h  t ime, as i t  does i n  our  experiments, w i t h  t h e  cons tan t  r a t e  
dT/dt  = m, s o l u t i o n  o f  t h e  above equations g i ves  

i s  t h e  amount o f  product  i p r o d d e d  up t o  t ime  t, V; i s  the’amount o f  

Since Ei/RT >> 1 i s  a good approx imat ion f o r  coa l  decomposit ion reac t i ons ,  the 
s o l u t i o n  becomes 

(v; - vi ) / V i  = exp[-(kioKT2/mEi)exp(-Ei/RT)] (5)  

This  equat ion i s  p l o t t e d  i n  F i g .  9 f o r  a c t i v a t i o n  energ ies t y p i c a l  o f  
organic  deconiposi t i o n  r e a c t i o n s  (see Table 4 )  and a t y p i c a l  pre-exponent ia l  f a c t o r  
o f  k., = 1.G7 x lO”s-’. 
the aata on t o t a l  y i e l d  o f  v o l a t i l e s  i s  ev iden t  f rom t h i s  f i g u r e ;  never the less,  
t h i s  approach has been taken by many workers f o r  c o r r e l a t i n g  p y r o l y s i s  data.  

It can be seen f rom t h e  wide range o f  m a t e r i a l s  l i s t e d  i n  Table 4 t h a t  
organic  decomposit ion r e a c t i o n s  encompass a wide range o f  a c t i v a t i o n  energ ies 
and pre-exponent ia ls .  
which i s  f a r  more complex than t h a t  o f  t he  m a t e r i a l s  i n  Table 4 ,  decomposes t h e r -  
m a l l y  t o  produce numerous products  and t h a t  these products  e x h i b i t  d i f f e r e n t  
a c t i v a t i o n  energ ies.  I,lhen a s, ingle f i r s t - o r d e r  r e a c t i o n  i s  used t o  model coa l  
p y r o l y s i s ,  the a c t i v a t i o n  energy and pre-exponent ia l  f a c t o r  a r e  fo rced  t o  be ve ry  
low i n  order  t o  f i t  t h e  o v e r a l l  temperature dependence t h a t  a c t u a l l y  r e s u l t s  f rom 
the  occurrence o f  d i f f e r e n t  r e a c t i o n s  i n  d i f f e r e n t  temperature i n t e r v a l s .  
r e s u l t s  a re  sometimes i n t e r p r e t e d  as r e f l e c t i n g  t r a n s p o r t  l i m i t a t i o n s  because t h e  
paranieters a re  too  low f o r  o rgan ic  decompositions. Th is  p o i n t  i s  f u r t h e r  d iscussed 
e l  sewhere(5). 

Considerably more success i s  a t t a i n e d  when t h e  f i r s t - o r d e r  model i s  a p p l i e d  t o  
the appearance o f  s i n g l e  products .  
species a re  n o t  adequately descr ibed by one f i r s t - o r d e r  process. 
a l a r g e  number o f  p a r a l l e l  r e a c t i o n s  w i t h  a d i s t r i b u t i o n  o f  a c t i v a t i o n  enerq ies f o r  
i n d i v i d u a l  spec ies ( lE ) ,  a s i m p l i f y i n g  assumption i s  made t h a t  one, two o r  t h r e e  
p a r a l l e l  reac t i ons ,  depending on the  observed behavior ,  descr ibes t h e  fo rma t ion  of 
c e r t a i n  key products. 
a r i s e  from more than one t ype  o f  reac tan t ,  o r  f rom more than  one r e a c t i o n  pathway. 

each experimental run  t o c o n s t r u c t  bes t  f i t  curves f o r  t he  y i e l d  data. The 
r e s u l t i n g  k i n e t i c  parameters a r e  sumnarized i n  Table 5. The curves shown i n  F igs .  
3 , 4 ,  and 5 were c a l c u l a t e d  us ing  these parameters and t h e  model, f o r  a s tandard i zed  
experiment i n  which coa l  i s  heated a t  lOOO”C/s t o  t h e  peak temperature, and then 
cooled a t  2OO0C/s back t o  room temperature. The curves f i t  the  da ta  w e l l  f o r  most 
species, and i i i ode l l i ng  w i t h  o n l y  one o r  two r e a c t i o n s  appears s u f f i c i e n t  i n  a l l  
cases except t h e  carbon ox ides which r e q u i r e  a t h i r d  r e a c t i o n  f o r  da ta  above 
about 1000°C ( n o t  shown here) .  
cooperate t o  g i v e  a smooth t o t a l  weight  l o s s  curve. 
t h a t  a l a r g e  f r a c t i o n  o f  t h e  t o t a l  weight  l o s s  i s  due t o  t h e  oxygenated species. 

The inadequacy o f  t he  s i n g l e - r e a c t i o n  model i n  f i t t i n g  

I t i s  n o t  s u r p r i s i n g  t h a t  coa l ,  t h e  chemical s t r u c t u r e  o f  

The 

As i s  i m p l i e d  i n  F igs .  3 t o  5, many i n d i v i d u a l  
Rather than  u t i l i z i n g  

The mechanis t ic  i m p l i c a t i o n  i s  t h a t  a g i ven  species may 

The f i r s t - o r d e r  model was used w i t h  t h e  measured t ime- temperature h i s t o r y  o f  

F igu re  3 shows how t h e  va r ious  i n d i v i d u a l  r e a c t i o n s  
Again, t h i s  f i g u r e  emphasizes 
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Table 4. Kinetic Parameters f o r  Pyrolysis of  Various Organic l l a t e r i a l s  

Polymethyl-methacrylate (C511g02)r 
Avq. Holecular !It. 150,000 
A V O .  rlolecular ' I t .  5,100,flOC 

Polymethyl ac ry la t e  (C4H602), 

Cel lulose (C6ti1n05)n 

i la ter ia l  Pyrolyzed 

overal l  
overal l  

overal l  

overal l  

_I-_- -. ______ 
Ferul ic  k i d  (ClOYl0O4) 

Perylene Tetracarboxyl i c  Acid 
Anhydride (C241i81)6) 

Protocatechuic Acid (C71i604) 

Naphthalene Tetracarboxyl i c  
Acid (C14H8:18) 

! l e l l i t i c  Acid (C12H6012) 

T a r t a r i c  Acid (C41i606) 

Polystyrene (C8H8)n 

Teflon (C2F4),, 

Polyethylene (C2H4), "Phase 1 "  
"Phase 2" 

llydrogenated Polystyrene (CSHl4 

-__I 

'roducta 

cn 
cop 

( H20 ) 1 
("20)2 

co2 

tI2O 

tI9O 

H2° 

overal l  
overa 1 1 

overal l  

overal l  
overal l  

overal l  

_____l__l___l_ __l__l__ 

a .  Denotes sDecies whose evolut ion i s  desc 

xperi - 
iental 
ernp. ,OC 

_-_ 
l';n-751 

400-690 
400-60rl 

50-30n 
59-300 
50-300 

100-250 

?3Oh 

1 q5$ 

3orlh 

575b 

385-4n5 

335-350 

335-355 

.155-fir-l5 

373-353 

273-798 

?40-270 
310-325 

285-300 

250-100 
250-350 

hedbv-f 

9c t i  vatic 
Cnerqy, 
kcal/molc 

3 7 . 7  

71.5 
64.Q 

18.8 
42.n 

--___ 

40.4 

33.5 

16.6 

42.0 

77 
5n 

G7-69 

48 
71 

52 

59 

58 

33 
55 

37 

33.4 
35 

paramete 
an d i f f e ren t '  s t ages  of water evolution a r e  denoted h y  (Ii 0 )  

r e f e r s  t o  a l l  products combined. 
Temperature of  maximum pyrolysis  r a t e .  

2 1  
b. 

-- 
Pre- 
Exponen- 
t i a l  - Factor -- ,s- - 
6 .Ox1 1' 
5 .2x1016 17 
5 . 0 ~ 1 0  

2 . 7 ~ 1 0  
2 . 3 ~ 1 0  

8 

5 

1 . 6 x 1 ~ 1 5  

1 .2x1q17 

2. 3 x ~  o5 

6 . 7 ~ 1  n17 

8.3x1 n2? 
9 . 0 ~ 1 0 ~  

4 .  3x1014 

11 5 . 2 ~ 1  qlR 
8 . 7 ~ 1 0  

1 . 4 x 1 ~ 1 4  

7 . 2 ~ 1 9 ~ ~  

8 . 3 X i 0 ~ ~  

3 . 6 ~ 1  1" 
1 .8x1016 

10 1 . 4 ~ 1 0  

6 .8x1On 
3 . 3 ~ 1  O1 
- 

q 1 m  

(HzO)?.  f 

k e f . '  

12. 1 3  
12, 1 3  
12, 1 3  

12, 1 3  
12, 1 3  
12, 1 3  

12, 1 3  

13 

13 

13 
4 

3 

4 
4 

5 

5 

5 

5 
5 

5 

5 
3, 17 

?rail 

I_ 

) 
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Table 5. 
Product 

Total I 

c02 

44.11 

co 

C"4 

C2H4 

HCa 
Tar 

H20 

H2 

K i  neti ( 
Stage 

1 
2 
3 
1 
2 
3 
1 
2 
1 
2 

1 
2 

'arameters fc 
Ei,  
kcal /mole 

36.2 
64.3 
42.0 
44.4 
59.5 
58.4 
51.6 
69.4 
74.8 
60.4 
70.1 
37.4 
75.3 
51.4 
€8.8 

Ligni te  Pyroly: 
log (kio/s- ' )  

11.33 
13.71 

6.74 
12.26 
12.42 
9.77 

14.21 
14.67 
20.25 
12.85 
16.23 
11.81: 
17.30 
13.90 
18.20 

- 5 

d* Ut.% o f  l i g n i t e  
(as-received) 

5.70 

i '  

2.70 
1.09 
1.77 
5.35 
2.26 

0.92 
0.15 
0.41 
0.95 

0.34 

2.45 
2.93 

16.5 
0.50 
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Fiqure 10. Distr ibut ion of Activation Energies o f  Pyrolysis 9eactions 

[ (o )  cumulative y ie lds ,  from present h a w  d a t a ,  of comonents 
indicated t o  l e f t  of and includinq a given point ;  ( so l id  
curves)  present r e s u l t s  based on v o l a t i l e s  y i e l d s ;  (broken 
curves)  previous r e s u l t s  ' 8 '  based on weight loss  data  and 
two d i f f e r e n t  s e t s  of  k i n e t i c  oarameters]. 
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of a l l  other coinponents shown on points t o  the l e f t  t o  give the indicated cumu- 
l a t i v e  yield;  e .g . ,  the ver t ica l  dis tance between two adjacent points  represents 
the ultimate y ie ld  of  the coniponent specif ied on the higher point. The s lope 
of the smooth curve d r a m  through the data  gives the frequency d i s t r i b u t i o n  
curve dV*cu,il/V*totdE, which i s  here normalized so t h a t  the area under a segment 
of the curve between two values of ac t iva t ion  energy is  the percentage of the 
t o t a l  ultimate v o l a t i l e  y ie ld  t h a t  i s  associated with ac t iva t ion  energies  i n  
the specif ied i n t e r v a l .  

F i  ure 10 a l s o  presents two d is t r ibu t ions  (broken curves)  obtained pre- 
viouslyql ,5)  f o r  the same l i g n i t e  as was used here ,  but  from a k ine t ic  analysis  
of weight l o s s  data  using a s t a t i s t i c a l l y  la rge  number of react ions having a 
Gaussian d i s t r i b u t i o n  of ac t iva t ion  energies and a l l  having the same pre- 
exponential fac tor .  The left-hand curve was obtained when the pre-exponential 
fac tor  ( k  = 1 . 0 7 ~ 1 0 ' ~ s - ' )  was evaluated a s  one of the ad jus t ib le  parameters, while 
the rightghand curve was obtained using a preferred fixed value of ko(l . 6 7 ~ 1 0 ' ~ s - ' ) .  
The mean ac t iva t ion  energies (Eo) and standard deviat ions (a) of the previous 
d is t r ibu t ions  a re ,  i n  kcal /nole ,  ( l e f t )  Eo=48.7 and 0=9.38 and ( r i g h t )  E0=56.3 
and 0=10.9. S t a t i s t i c a l  ana lys i s  shows t h a t  the present data  a r e  not s i g n i f i -  
cant ly  d i f fe ren t  from a Gaussian d is t r ibu t ion  with Eo and a be ing  53.3 and 11.5 
kcal/mole, respec t ive ly .  The  s i m i l a r i t y  of the present d i s t r ibu t ion  derived 
from product compositions to  the previous r e s u l t s  based on weiqht l o s s  is espe- 
c i a l l y  encouraging s i n c e  ko, which does influence Eo,  was here allowed t o  assume 
a d i f fe ren t  value f o r  each react ion whereas previously a s i n g l e  ko  vas used f o r  
a l l  reactions. 
DIscussIoI~ 

Since coal i s  always "hydrogen-starved'' i n  the  sense t h a t  i t s  empirical 
formula is  usual ly  CH0.6 t o  Ctl ( the  present l i g n i t e  is roughly C1io.g) while the 
desired products a r e  i n  the range C H  t o  CH4, i t  is des i rab le  t o  use the coal 
hydrogen a s  e f f i c i e n t l y  a s  possible .  The oxygen i n  the coal removes most of the 
hydrogen a t  temperatures below those a t  which the pr incipal  hydrocarbon forming 
react ions can occur; t h u s ,  by the time the coal i s  hot enough f o r  the l a t t e r  
react ions t o  occur, there  i s  too l i t t l e  hydrogen l e f t  t o  produce s t a b l e ,  v o l a t i l e  
fragments. The addi t ion  of  hydrogen from outs ide the p a r t i c l e ,  e.g., a s  i n  the 
case of hydrogasif icat ion,  enhances the y ie ld  of v o l a t i l e s  perhaps by s t a b i l i z i n g  
some reac t ive  s i t e s  or  species  t h a t  would otherwise form char(4,5,20-23). This 
hypothesis w i l l  be tes ted  with fu ture  experiments in a hydrogen atmosphere. 

I f  the pyrolysis  react ions t h a t  form water and hydrocarbons a r e  in  competi- 
t ion  f o r  hydrogen, then the  hydrocarbon y ie ld  could perhaps be increased by sub- 
j e c t i n g  the coal t o  a favorable time-temperature his tory.  For example, i n  the  
present  resu l t s  t a r  forming react ions have a higher ac t iva t ion  energy than the 
water forming reac t ions  (75.3 kcal/rnole compared to 51.4 kcal/mole) and hence 
a re  favored 
very h i g h  r a t e s  of heating would be required to  a t t a i n  these higher temperatures 
w i t h o u t  the water forming react ions f i r s t  reaching completion. A t  1000°C/s, the 
water forming reac t ions  a r e  about 90 i% complete before the onset (defined a s  1 b 
completion) of the t a r  forming react ions.  T h i s  analysis  neglects  the low tempera- 
tu re  t a r  forming reac t ions  and a l s o  assumes t h a t  the water and t a r  forning reac- 
t ions are  independent. A t  6O9O0C/s, the water forming react ion a r e  predicted to  
be 75 5 complete when the onset of t a r  formation occurs ( a t  700°C), and a t  
2.8x10 'C/S, the water react ions a r e  only 35 % complete a t  the onset of t a r  
formation ( a t  8 O O O C ) .  
the present study were i n  f a c t  observed(7,8) from Montana l i g n i t e  heated a t  about 
2x10 "C/s t o  about 1800°C. 

by going to  higher temperatures. According to  the present model, 

Total v o l a t i l e  y i e l d s  s i g n i f i c a n t l y  la rqer  than those of 
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It i s  i n t e r e s t i n g  t o  compare t h e  observed p roduc t  d i s t r i b u t i o n s  w i t h  t h o s e t h a t  
would he obta ined i f  a l l  t he  v o l a t i l e s  generated i n  a r u n  were i n  mutual e q u i l i -  
b r i um i n  t h e  presence o f  cha r  a t  t he  f i n a l  temperature o f  t h e  p a r t i c l e s .  
approx imat ion purposes t h e  char  i s  assumed t o  be g r a p h i t e  and the  mole f r a c t i o n  
o f  t he  ambient he l i um ad jacen t  t o  and w i t h i n  t h e  p a r t i c l e s  i s  assumed t o  be 
n e g l i g i b l e .  

Fo r  

E q u i l i b r i u m  r e l a t i o n s  f o r  the r e a c t i o n s  

CO + H20 = C02 + tI2 
c + H20 = co + H* 
C + 2H2 = CH4 

CH4 + H20 = CO + 3H2 

( 6 )  
( 7 )  
( 8 )  

(9) 

i n  t h e  presence o f  excess s o l i d  carbon a r e  shown as curves i n  F i g .  11 where the  
base da ta  a re  g i ven  as p o i n t s .  
from the  l i g n i t e  mo is tu re  i n  the  v o l a t i l e s  ( p o i n t s )  and the  o t h e r  i n c l u d i n q  
o n l y  the  chemical ly  formed water  (no t  shown). 
b i l i t y  t h a t  mois ture i s  l o s t  e a r l y  enough so as t o  be absent from the  r e a c t i n q  
m ix tu re .  The complete o r  p a r t i a l  l o s s  o f  o t h e r s  products  could a l s o  be cons i -  
dered b u t  t h i s  was n o t  done s ince  mo is tu re  loss ,  which appears t o  o f f e r  t h e  
l a r g e s t  p o t e n t i a l  f o r  an e f f e c t ,  i s  found t o  be o f  l i t t l e  s i q n i f i c a n c e  i n  t h i s  
rough ana lys i s .  

F igu re  11 shows t h a t  t h e  data tend  toward l e s s  disagreement w i t h  t h e  
e q u i l i b r i u m  values as temperature increases.  Idhen t h e  t o t a l  pressure o f  
v o l a t i l e s  i s  assumed t o  be 1 atm, which i s  t h e  exper imenta l  pressure under which 
t h e  da ta  were taken, a l l  the r e a c t i o n s  a re  f a r  from e q u i l i b r i u m  w i t h  t h e  excep t ion  
o f  React ion 6 a t  t he  h ighe r  temperatures, where a r a t h e r  c l o s e  approach t o  e q u i l i -  
b r i um cannot be excluded w i t h i n  t h e  l a r g e  u n c e r t a i n t y  o f  t h i s  c a l c u l a t i o n .  
!Reaction 6 i s  t h e  o n l y  one o f  the f o u r  t h a t  i s  independent o f  pressure. 
e q u i l i b r i u m  values f o r  t he  o t h e r  r e a c t i o n s  a l s o  agree rough ly  w i t h  t h e  da ta  i f  the 
assumed t o t a l  pressure o f  t h e  v o l a t i l e s  i s  increased s u b s t a n t i a l l y ,  the va lues 
f o r  React ions 7,8, and 9 dependinq on pressure t o  t h e  powers -1, +1, and -2, 
r e s p e c t i v e l y  . 
are  n o t  i n c o n s i s t e n t  w i t h  c a l c u l a t e d  pressure drops associated w i t h  v o l a t i l e s  
exp lus ion  under the  present  cond i t i ons  o f  r a p i d  p y r o l y s i s .  
betveen t h e  e q u i l i b r i u m  values and t h e  data f o r  an assumed pressure o f  1000 atm i s  
i n t r i q u i n g .  We do n o t  know t o  what e x t e n t  such a h i q h  pressure p r o p e r l y  r e f l e c t s  
c o n d i t i o n s  developed w i t h i n  r a p i d l y  p y r o l y z i n g  l i g n i t e ,  b u t  we n o t e  t h a t  i n t e r n a l  
pressures o f  t h i s  o rde r  o f  magnitude ( a )  would be c a l c u l a t e d  i f  i t  i s  assumed t h a t  
t he  fo rma t ion  o f  v o l a t i l e s  w i t h i n  the  pores l a r g e l y  precedes the escape theref rom, 
and (b) would appear t o  be r e q u i r e d  t o  f r a c t u r e  t h e  p a r t i c l e s  based on t h e  s t r e n g t h  
o f  t h e  ma te r ia l .  
"sparking", a phenomenon t h a t  could account f o r  t h e  p a r t i c u l a t e  m a t e r i a l  he re  
found i n  t h e  t a r  as no ted  above. 

A l though t h e  foregoing e q u i l i b r i u m  a n a l y s i s  i s  f a r  from d e f i n i t i v e ,  i t  i s  
probably  sa fe  t o  conclude t h a t  t h e  f i n a l  m i x t u r e  o f  v o l a t i l e s  i s  c l o s e r  t o  e q u i l i -  
br ium than are t h e  pr imary v o l a t i l e s  and, t he re fo re ,  t h a t  mass t r a n s p o r t  and 
secondary reac t i ons  w i t h i n  t h e  p a r t i c l e s  do p l a y  some r o l e  i n  determin inq product  
d i s t r i b u t i o n s .  
c o n d i t i o n  prov ided by vacuum p y r o l y s i s  leads t o  somewhat h iqhe r  y i e l d s  o f  hydro- 
carbon l i q u i d s  and t a r s  and correspondingly  lower  y i e l d s  o f  l i g h t  hydrocarbon and 
carbon ox ide  qases. The behavior  i n d i c a t e s  t h a t  more v o l a t i l e s  c r a c k i n q  wi th in  
p a r t i c l e s  occurs a t  1 atm than under vacuum, b u t  t he  d i f f e r e n c e  a f f e c t s  no  more 
than about 5 I o f  the  t o t a l  l i g n i t e  m a t e r i a l .  The f a c t  t h a t  t h i s  e f f e c t  i s  smal l  
suppor ts  t h e  p i c t u r e  t h a t  t h e  pressure i n s i d e  l i g n i t e  p a r t i c l e s  d u r i n q  r a p i d  pyro-  
l y s i s  i s  indeed h i g h  and t h e r e f o r e  n o t  s t r o n q l y  dependent on e x t e r n a l  pressure i n  

Two cases a r e  considered, one i n c l u d i n g  wa te r  

The l a t t e r  case covers t h e  p o s s i -  

The 

V o l a t i l e s  pressures much l a r q e r  than 1 atm w i t h i n  the  pores o f  t he  p a r t i c l e s  

The agreement i n  Fig. 11 

L i g n i t e s  r a p i d l y  heated a r e  known t o  e x h i b i t  f r a c t u r i n q  o r  

Thus, a t  temperatures above about 8OO"C, t he  enhanced mass t r a n s p o r t  

1 3 3  
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the range 0 t o  1 atm. 
within the  pores may be much la rger  than the change observed i n  aoing from 1 atni 
t o  vacuum conditions. 

empirical nature of pyrolysis  models, such a s  the  one employed here ,  t h a t  do not 
e x p l i c i t l y  account f o r  these e f fec ts .  The k ine t ic  parameters obtained by appl i -  
cat ion of the present inultiple para l le l  react ion model t o  species  or ig ina t ing  
in  some combination of primary and secondary react ions a r e  c l e a r l y  overal l  proper- 
t i e s .  Ser ivat ion from the present data  of fundamental propert ies  o f  the  primar,y 
pyrolysis reactions must await a b e t t e r  understanding o f  mass t r a n s f e r  and 
secondary reactions i n  the p a r t i c l e s .  Nevertheless, the demonstrated success 
of the present model i n  cor re la t ing  the data  means t h a t  the mult iple  paCallel 
reaction picture  together with the ident i f ica t ion  from the data  of  key react ions"  
(e.g., s tages  i n  the evolution of a given product spec ies )  i s  a n  e f f e c t i v e  repre- 
sentat ion of primary react ions as modified by the e f f e c t s  of mass t ranspor t  and 
secondary react ions.  
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E = act ivat ion energy, kcal/mole 

E i  
Eo 
f (E)  

Accordingly, the absolute  amount of v o l a t i l e s  cracking 

The suggested r o l e  of mass t ranspor t  and secondary react ions points  up the 

NOIIEPICLATURE 

= act ivat ion energy of react ion forming product i ,  kcal/mole 
= mean o f  ac t iva t ion  energy d i s t r i b u t i o n ,  kcal/mole 
= act ivat ion energy d i s t r i b u t i o n  funct ion,  mole/kcal 

k i  
k i o  

k 0  

m 
il 

t 
T 

v i  
'I* 

i 
\ I *  

= f i r s t -order  r a t e  constant of react ion forming product i ,  5 - l  

= pre-exponential fac tor  in k i ,  s - '  

= pre-exponential fac tor  when a l l  k i o  a r e  assumed equal ,  s-l  

= constant heating r a t e ,  "C/s 
= gas constant ,  kcal/nole K 

= time, s 
= absolute temperature, K 

= amount of product i generated up t o  time t ,  f rac t ion  of the or ig ina l  coal 

= value of Viat t = - (ul t imate  y i e l d ) ,  approximated by measurements a t  lono 
weight 

reaction t i n e s ,  f rac t ion  of  the or iginal  coal weiqht 

v c u m  

V Z o t  
o = standard deviation of ac t iva t ion  energy d i s t r i b u t i o n ,  kcal/oiole 

x i  

= sum of V ?  for  a l l  i w i t h  EizE, f rac t ion  of the or iq ina l  coal weiqht 

= sun1 o f  a l l  V * ,  f rac t ion  o f  the or ig ina l  coal weiqht 
1 

i 

= mole f rac t ion  of component i 
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